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The rat zitter (zi) mutation induces hypomyelination and vacuola-
tion in the central nervous system (CNS), which resultin early-onset
tremor and progressive flaccid paresis. By positional cloning, we
found a marked decrease in Attractin (Atrn) mRNA in the brain of
the zi/zi rat and identified zi as an 8-bp deletion at a splice donor
site of Atrn. Atrn has been known to play multiple roles in
regulating physiological processes that are involved in monocyte-T
cell interaction, agouti-related hair pigmentation, and control of
energy homeostasis. Rat Atrn gene encoded two isoforms, a
secreted and a membrane form, as a result of alternative splicing.
The zi mutation at the Atrn locus darkened coat color when
introduced into agouti rats, as also described in mahogany (mg)
mice, carrying the homozygous mutation at the Atrn locus. Trans-
genic rescue experiments showed that the membrane-type Atrn
complemented both neurological alteration and abnormal pigmen-
tation in zi/zi rats, but that the secreted-type Atrn complemented
neither mutant phenotype. Furthermore, we discovered that mg
mice exhibited hypomyelination and vacuolation in the CNS asso-
ciated with body tremor. We conclude from these results that the
membrane Atrn has a critical role in normal myelination in the CNS
and would provide insights into the physiology of myelination as
well as the etiology of myelin diseases.

he zitter rat was found in a colony of Sprague—Dawley rats

as a tremorous mutant, and subsequent genetic analysis
showed that the abnormality was caused by an autosomal
recessive gene, zitter (zi) (1, 2). The tremor develops spontane-
ously at 3 weeks of age, and flaccid paresis of the hind limb is
observed at around 6 months of age (3). The main pathological
findings are progressive hypomyelination and vacuolation in the
central nervous system (CNS) (4). Hypomyelination is charac-
terized by a significant decrease in the density of myelinated
fibers and the number of myelin lamellae and is accompanied by
aberrant or elongated myelin sheath formation (4). Vacuoles
consist mainly of swollen astrocytic processes and enlargement
of extracellular space as well as periaxonal spaces. The vacuoles
are first detected in the pons and the outer thalamus at 3 weeks
of age. With increasing age, vacuoles extend into the deep cortex,
hippocampus, cervical spinal gray matter, and the granular layer
and white matter of the cerebellum (5). However, the initiation
of myelination and the fundamental structures of myelin sheaths
are normal in the zitter rat. The biochemical components of
myelin, such as myelin basic protein, proteolipid protein, and
myelin-associated glycoprotein, are also normally expressed (5,
6). Therefore, the zitter rat is expected to provide useful tools for
the study of axon—glia interaction and the assembly of myelin
sheaths in the complex process of CNS myelination.

The zi gene has been mapped to a genomic region between
IL-1B (I11b) and prion protein (Prnp) on rat chromosome (Chr)
3935 (3, 7). Prap is known as a causative gene for spongiform
encephalopathy, and it was considered as a strong candidate for
zi. However, there were no differences in mRNA expression

levels and nucleotide sequences of Prnp between the zitter and
normal control rats. Thus, Prnp was excluded as a candidate for
zi (7, 8). A comparative map between rat, mouse, and human
showed that rat 3q35 corresponds to mouse Chr 2(70-80 cM)
and human Chr 2q14 and Chr 20pter-p13 (9), but no obvious
candidate genes are present in these regions.

Here we will describe the identification of zi by positional
cloning and subsequent transgenic rescue experiments and as-
sessment of the neurological phenotypes of Attractin (Afrn)
mutant, mahogany (mg) mice. Our results show that the A#rn
locus product has multiple functions not only in immune re-
sponse, hair pigmentation, and energy control, but also in
myelination in the CNS.

Materials and Methods

Genetic Fine Mapping. (WTC X WTC.ZI-zi/zi)F;(zi/+) female
rats were backcrossed to male WTC.ZI-zi/zi homozygote rats
and intercrossed to male zi/+ F; rats to produce progeny for fine
mapping of zi. Homozygote zi/zi animals were identified on the
basis of appearance of tremor at 3-4 weeks of age. Simple
sequence length polymorphisms (SSLPs) at /I1b and Prnp were
genotyped as described (3, 7). Three gene-specific SSLP mark-
ers, D3Kur2/Ptpnsl, D3Kur7/Ptpra, and D3Kur55/Sn, were de-
veloped from the published sequences (GenBank accession
numbers D85183, Z36293, and L01702), and two SSLP markers,
D3Kurl /Pdyn and D3Kur9/Oxt, were developed from the cosmid
clones as described (10). While the physical map was assembled
(see below), seven anonymous SSLP markers, D3Kur4, D3Kur20,
D3Kur24, D3Kur30, D3Kur34, D3Kur37, and D3Kur4(, were
developed from rat cosmid and P1 clones.

Physical Mapping. A rat P1 library was screened at IncyteGenom-
ics (Palo Alto, CA) by hybridizing with DNA fragments ampli-
fied by D3Kur7/Ptpra, D3Kurl2/Oxt, D3Kurl4, D3Kurl8,
D3Kur21, D3Kur27, and D3Kur33 (Fig. 1b). A rat P1l-derived
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Fig. 1.

Genetic linkage map and a contig of the zi-critical region. (a) The genetic linkage map of the region surrounding the zi locus. For loci also mapped in

mouse and human, their locations in the corresponding chromosomes are indicated on their right. (b) The contig spanning the zi-critical region. Cosmid, P1, and
PAC clones are listed on the left; STS markers are listed at the top. PCR signals on clones are indicated by dark gray boxes. The zi-critical region is depicted by
oblique lines. PCR signals of the markers derived from end sequences are indicated by closed circles on the corresponding clones. Asterisks at the top show
transcribed sequences. Cosmid clones are indicated by the addition of “c’’ to their names. P1 clones are indicated by five-digit numbers given by IncyteGenomics.

artificial chromosome (PAC) library was screened by hybridizing
with DNA fragments amplified by D3Kur39, D3Kur44, and
D3Kur50. Isolated clones were subjected to sequencing of their
ends, and the sequences were used to design the PCR primers for
sequence tagged site (STS) markers after repeat sequences were
masked. To determine the precise physical positions of STS and
SSLP markers as well as clone overlap and orientation, STS
content mapping was performed by PCR with genomic clone
DNA templates. Comparative mapping was performed by
searching the database for genes or expressed sequence tags
(ESTs) mapped to human Chr 20pter-p12 and mouse Chr 2, and
by mapping them in the contig. BLAST homology searches were
made by using the repeat-masked end sequences.

Cloning of Rat Atrn cDNA. A rat brain cDNA library was con-
structed in AMOSElox (Amersham Pharmacia) and screened
with a rat probe corresponding to nucleotides 50-437 of
KIA A0548, the partial sequence of the human attractin (47RN)
gene (11). To obtain the 5’ part of the cDNA and the 3’ part of
the short form of the rat Atrn gene, rapid amplifications of cDNA
ends were conducted with the use of Marathon-Ready cDNA
(CLONTECH).

Determination of Exon—Intron Boundaries of the Atrn Gene. A shot-
gun library was constructed from PAC 473M17 containing the
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entire rat Atrn gene and screened with the rat Arrn cDNA.
Intron—-exon boundaries were defined either by sequencing of
the isolated clones or by direct sequencing of the PAC with the
use of the Atrn cDNA-specific primers. Introns were amplified
by PCR with LA-Tag DNA polymerase (Takara Shuzo, Kyoto,
Japan), with the PAC as a template, and their lengths were
assessed by electrophoresis. The exon-intron boundaries were
verified by direct sequencing of the PCR products.

Genotyping of Agouti and Atrn. Genotypes at loci agouti (a) and
Atrn of the F, animals were determined by an SSLP marker in
intron 2 of rat agouti (5'-GGGAAAGACCATAGCTGCTA-3’
and 5'-AATAACAGCCTGGGAAAATG-3") and by the
marker detecting the 8-bp deletion of the zi-allele of A#rn
(5'-GGAGTTGGCAACTGAAGAAC-3' and 5'-GAAAG-
GGCAGAGACAAAGTT-3").

Transgenic Rescue Experiment. A 4.4-kb cDNA fragment contain-
ing the coding sequence for a membrane type of Afrn and a
3.9-kb cDNA fragment for a secreted type were subcloned into
pBluescriptIlI (Stratagene). Wild-type Afrn transgenes were con-
structed with the use of the cDNA fragment, the mouse metal-
lothionein (MMT) promoter, or the modified chicken B-actin
(CAG) promoter with cytomegalovirus immediate early en-
hancer (12), and a ~500-bp fragment containing the simian virus

Kuramoto et al.



Table 1. Genes/ESTs mapped to the contig constructed in this study

Locus STS

symbol* maker Method"® Origin UniGene Description

Ptpra D3Kur7 C STS-WI-8798 Hs.26045 Protein-tyrosine phosphatase, receptor-type, alpha (OMIM#176884)
TKest41 D3Kurl0 E BAC179P17-M13F* Mm.30057 ESTs

Oxt D3Kur12 C Hs. 113216 Oxytocin (OMIM#167050)

Avp D3Kur13 C Hs.89648 Arginine vasopressin (OMIM#192340)

TKest30 D3Kur15 CandE STS-stSG4244 and P1-17819-T7 Hs.26009 KIAA0860 protein, complete cds

TKest03 D3Kurl7 C STS-A005R07 Hs.90232 KIAAO0552 protein, complete cds

TKest63 D3Kur23 E BAC173P11-M13F* Mm.21399 ESTs, Highly similar to HAM1 protein (Saccharomyces cerevisiae)
TKest01 D3Kur26 C STS-stSG3058 Rn.6943 ESTs

TKest65 D3Kur28 E Cosmid-TK71-M13F Mm.35506 ESTs

TKest69 D3Kur48 E PAC241D8-SP6 Rn.22428 ESTs

TKest13 D3Kur51 C STS-A005005 Hs.194019 KIAA0548 protein, partial cds

TKest66 D3Kur54 E PAC473M17-SP6 Not assigned EST from normalized rat spleen, cDNA clone RSPBR15 (AI013648)
Rpl12 D3Kur55 E PAC267A15-T7 Hs.182979 Ribosomal protein L12 (OMIM#180475)

TKest67 D3Kur56 E PAC102M17-T7 Rn.39027 ESTs

Cenpb D3Kur57 C STS-Bdyc4e10 Hs.85004 Centromeric protein B (OMIM#117140)

TKest68 D3Kur58 E PAC488M17-SP6 Rn.41637 EST

*Ordered according to map position from proximal (top) to distal (bottom).
*C, comparative mapping; E, end sequence and sLast homology search.

*Derived from a bacterial artificial chromosome contig spanning the mouse syntenic region of the zi locus (T.K., unpublished result).

40 poly(A) signal derived from pEVBHis (Invitrogen). The
transgene was microinjected into the pronuclei of fertilized
oocytes collected from Wistar rats, and the eggs subsequently
were transferred to recipients. The (Founder rats X WTC.ZI-
zi/zi)Fy (zi/+, tg/—) rats were backcrossed with WTC.ZI-zi/zi
rats to obtain zi/zi homozygous rats carrying the transgene (zi/zi,
tg/—). Transgenic rats were identified by PCR analysis of
genomic DNA isolated from tail biopsies. The copies of the
transgene on autoradiograph normalized relative to endogenous
Atrn gene were quantified with computerized image display
system BAS2000 (Fuji Film, Tokyo).

Histopathological and Electromyogram (EMG) Analysis of mg Mice.
Histopathological analysis of C3H/HelJ-mg*/mg* mice was
carried out at 40 days of age. Light microscopic observations of
brain and spinal cord (cervical enlargement) and electron mi-
croscopic observations of thalamus and midbrain were per-
formed as described (13). EMG recordings were performed at
3 weeks of age. Intramuscular EMG electrodes were acutely
implanted in the quadriceps and hamstring muscles of the right
hind limbs. EMGs were recorded within a bandwidth of 100-
1,500 Hz and analyzed with a Signal Averager (Cambridge
Electronic Design, Cambridge, U.K.).

Results

Genetic and Physical Maps of the zi-Critical Region. A total of 3,104
backcross and 474 intercross animals were produced, and their
genotype at the zi locus was determined by examining the
presence of tremor. Thirty-five backcross and 12 intercross
animals carried a recombinant chromosome between [/1b and
Prnp. Genetic linkage study of these informative animals, using
the five gene-specific and seven anonymous markers developed
in this study, narrowed down zi to a 0.1-cM interval between
D3Kur7/Ptpra and D3Mgh15, which corresponded to human Chr
20p13 and mouse Chr 2(73.5) (Fig. 1a). The zi gene showed no
recombination with D3Kur9/Oxt, D3Kur20, D3Kur24, D3Kur30,
D3Kur34, D3Kur37, and D3Kur40 in 4,052 informative meioses.

A rat P1 library was initially screened with D3Kur7/Ptpra and
D3Kur12/Oxt. After the subsequent chromosomal walking with
the P1 library and a rat PAC library and aligning them by STS
content mapping with the use of 57 markers developed in this
study, a contig that comprised five cosmid, seven P1, and 21 PAC
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clones and covered D3Kur3-D3Kur7/Ptpra-D3Mghl5-D3Kur58
was constructed. Transcripts in the contig were identified by
comparative mapping and end sequencing of the constituent
large-insert clones. Taking advantage of the large conserved
syntenic region between rat Chr 3 and human Chr 20p, 62
genes/ESTs known to be located on human chromosome 20pter-
p12 were tested, and four known genes (Avp, Cenpb, Oxt, and
Prtpra) and four ESTs were localized in the contig (Table 1). With
a BLAST homology search using 56 end sequences, one gene,
Rpl12, and eight ESTs were found in the contig. Because an EST
(TKest30) was commonly identified by the comparative mapping
and the end sequencing, a total of 16 genes/ESTs were mapped
in the contig (Fig. 16 and Table 1). Among the 16 genes/ESTs
identified in the contig, 10 were localized in the zi-critical region.

Reduction of Atrn Expression in Zitter Rats. Expression levels of the
10 genes/ESTs in the zi-critical region were analyzed by North-
ern blot analysis. It was revealed that the expression of an EST,
TKest13, was markedly reduced in WTC.ZI-zi/zi rats, although
faint multiple bands of 8-10 kb were observed (Fig. 2a). The
other nine genes/ESTs showed the same levels of expression in
WTC and WTC.ZI-zi/zi rats, and no nucleotide differences
resulted in amino acid changes specific to zi/zi rats. By a database
search, TKest13 proved to be the KIAA0548, which is a part of the
membrane type of the human ATRN gene.

Isoforms and Exon-Intron Organization of the Rat Atrn Gene. In the
brain of WTC rats, two kinds of transcripts with sizes of 9.0 kb
and 4.5 kb were observed. We cloned the two transcripts and
determined their nucleotide sequences (GenBank accession
numbers AB038387 and AB038388). We also determined the
exon—intron boundaries and the lengths of introns of the rat Afrn
gene. It spanned over 120 kb and contained at least 29 exons (Fig.
3a). The 4.5-kb transcript was found to be generated by an
alternative splicing, skipping a splice donor site in intron 24, and
using a stop codon and a polyadenylation signal in the intron
(Fig. 3b).

The 9.0-kb transcript was deduced to encode a 1,432-aa
polypeptide, which corresponded to the membrane-type human
ATRN locus product. Rat membrane type showed 93% and 97%
homology with human and mouse Afrn product, respectively.
The 4.5-kb transcript was deduced to encode a 1,276-aa polypep-
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Zi mutation at rat Atrn gene. (a) Northern blot analysis of Atrn in the brains of WTC and WTC.ZI-zi/zi rats. A marked reduction of Atrn expression was

observed in zi/zi rats. Hybridization signals of -actin on the same blot are shown below. (b) Sequencing analysis of the splice donor site of the Atrn intron 12
in WTC (Upper) and WTC.ZI-zi/zi (Lower). An 8-bp deletion was identified in zi/zi rats (underlined in the Upper and shown with an arrowhead in the Lower) and
was expected to result in an abnormal splicing. (c) Effect of the zi allele on coat color in rats. The agouti rat homozygous for the zi allele of Atrn (center) was
more darkly pigmented than the agouti rat without the zi allele (Left) but less pigmented than nonagouti rat homozygous for the zi alleles (Right).

tide, which shared 1,271 N-terminal amino acid residues with the
product of the 9.0-kb transcript, had five unique C-terminal
residues, and did not have the transmembrane domain. It
corresponded to the secreted type of the human ATRN locus
product, although this secreted type is not observed in mice.
Both polypeptides were predicted to contain four epidermal
growth factor domains, a CUB domain, and C-type lectin
domain (Fig. 3c).

A Splice Site Mutation in Atrnin Zitter Rats. The entire coding region
and all of the exon-intron boundaries of Afrn were sequenced in
WTC.ZI-zi/zi rats. An 8-bp deletion at the splice donor site of
intron 12 was identified (Fig. 2b), which was expected to result
in aberrant and unstable transcripts. There were no other
nucleotide differences between WTC and WTC.ZI-zi/zi rats.

Effect of the zi Mutation on Coat Color. To examine the effect of the
zi-allele of Atrn on coat color (see Discussion), the mutant allele

a 1 5 10 15 20 25 29
1] L1l 1 I T | L1l LIl
LI 7T |1 | | LU . T IIHB-
10kb
potential
b donor siteTAA poly(A) signal
Yy Y
Rat Atrn gene l I——//—E
Secreted-type 24a LYYYYYY
778 bp
Membrane-type 24b 25
158 bp 68 bp

C IR T L T T )
CINE T T TN (T

[TTH [ WTITTD

Fig.3. RatAtrn gene and its transcripts. (a) Exon-intron organization of the
rat Atrn gene. The gene comprises at least 29 exons and 28 introns, which are
represented as boxes and lines. The length of intron 4 could not be deter-
mined. (b) Alternative splicing at exon 24 of the rat Atrn gene: genome
organization around intron 24 (Top). The secreted-type Atrn transcript used
the stop codon (TAA) and the poly(A) addition signal located within intron 24
(Middle). The membrane-type Atrn transcript was spliced at the potential
donor site located 15 bp upstream from the stop codon of the secreted-type
Atrn (Bottom). (c) Atrn transcripts for the secreted type (Upper) and mem-
brane type (Lower). Five epidermal growth factor-related domains (green), a
CUB domain (yellow), and c-type lectin (blue) are common in the two isoforms,
but a transmembrane domain (red) is found only in the membrane type.
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was brought into a nonalbino background by producing F,
intercross rats from ACI/N (4/A4, +/+) and WTC.ZI-zi/zi (a/a,
zi/zi, albino). Ten genotyped nonalbino agouti rats homozygous
for the zi allele of Atrn were recovered from the 115 F; rats, and
all of them showed a darker coat color than the agouti rats
without the zi allele (Fig. 2c).

Transgenic Rescue. To confirm that A#rn is zi itself, and to clarify
which transcript is responsible for the neuropathological phe-
notypes in zitter rats, we carried out transgenic rescue experi-
ments. The wild-type transcript for the membrane type was
placed under the control of a CAG promoter or MMT promoter
(CAG + M, MMT + M), and the secreted type was placed under
the control of MMT promoter (MMT + S). Six independent
transgenic lines, two lines for each construct, were established
(Table 2). Southern blot analysis demonstrated that five of the
six lines carried a single copy of the transgene, and one line
carried approximately 100 copies. Northern blot analysis with a
probe specific for the membrane-type transcript detected 9.0-kb
endogenous and 4.9-kb transgene-specific transcripts in the brain
of CAG + M and MMT + M lines (Fig. 4a). A probe specific
for the secreted-type transcript detected 4.5-kb endogenous and
4.4-kb transgene-specific transcripts in the brain of CAG + S
lines (Fig. 4a).

All of the 38 transgenic zi/zi rats in N2 progeny of TK320-14,
TK320-27, TK322-43, and TK322-48 lines were completely
rescued from body tremor, aberrant myelination, and vacuola-
tions in the CNS (Fig. 4b). They showed no flaccid paresis at 6
months of age. On the other hand, TK328-73 and TK328-76 lines
failed to be rescued from tremor, hypomyelination, or vacuola-
tion of the CNS. Thus, the zitter neuropathological phenotypes
were complemented in all lines expressing the membrane-type
transgene but not the secreted-type transgene (Table 2). Fur-
thermore, the membrane type also rescued darkly pigmented
coat color phenotypes but not the secreted type (Table 2).

Neurological Alterations in mg Mice. Light microscopic observation
of the CNS of mg*/mg* mice revealed vacuole formation that
was widely distributed in the brainstem, cerebral cortex, cere-
bellum, and spinal cord. The vacuoles were well delineated and
circular, and their sizes were variable, some reaching up to 10-20
pm in diameter. In Epok 812 sections stained with toluidine blue,
aberrant myelin sheaths and vacuoles surrounded by myelin were
identified (Fig. 5a). Electron microscopic observation revealed
that some vacuoles contained vacuolar membranous structures,
which were considered to be degenerate organelles. Such vacu-
oles were regarded as swollen processes of neurons or glial cells.
In addition, elongated redundant myelin sheaths and scroll-like

Kuramoto et al.



Table 2. Phenotypes of zi/zi rats in Atrn-transgenic lines

Transgene Number of N2 Phenotypes
Line Name Number of copy animals examined Symptoms CNS pathology Coat color
TK320-14 CAG+M ~1 6 Normal Normal Agouti
TK320-27 CAG+M ~1 10 Normal Normal Agouti
TK322-43 MMT+M ~1 8 Normal Normal Agouti
TK322-48 MMT+M ~1 8 Normal Normal Agouti
TK328-73 MMT+S ~100 5 Tremor, paresis Vacuolation, hypomyelination Mahogany
TK328-76 MMT+S ~1 5% Tremor, paresis Vacuolation, hypomyelination Mahogany

*N3 animals were included.

structures were identified among the myelinated axons (Fig. 5b).
The distribution and morphology of vacuoles and aberrant
myelin sheaths are very similar to those observed in the zitter rats
(4-6).

Examination of mg¥/mg* mice allowed us to detect slight
body tremor after weaning that occurred sporadically at rest and,
more often, a few seconds before locomotion. The tremor was
confirmed by EMGs showing strong and reciprocal bursts of
activity in both the quadriceps and the hamstring muscles at a
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Fig. 4. Transgenic rescue from zitter neuropathological phenotypes by
introduction of the wild-type Atrn gene. (a) Expression of transgene assessed
by Northern blot analysis. Poly(A) RNAs from WTC, WTC.ZI-zi/zi, TK320-27,
TK322-43, and TK328-73 are probed with membrane-type Atrn (Top, Left) and
secreted-type Atrn (Top, Right). The membrane-type Atrn-specific probe
detected 9.0-kb endogenous (open arrowhead) and 4.9-kb transgene (closed
arrowhead) transcripts (Left). The secreted-type Atrn-specific probe detected
4.5-kb endogenous (open arrowhead) and 4.4-kb transgene (closed arrow-
head) transcripts (Right). A DNA fragment containing simian virus 40 poly(A)
additional signal only detected the transgene-specific transcripts indicated by
closed arrowheads (Middle). Hybridization signals of B-actin on the same blot
are shown at the bottom. (b) Sagittal section of cerebellum nuclei of zi/zi rats
from a TK320-27 transgenic line with the transgene (Right) or without the
transgene (Left). Note that the Tg(—) cerebellum exhibits vacuolation,
whereas the Tg(+) cerebellum is restored.
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fairly constant rate (Fig. 5¢). The tremor frequency was approx-
imately 17 Hz.

Discussion

In this study, we found a marked reduction of secreted- and
membrane-type Atrn transcripts in the brain of the zitter rat. The
8-bp deletion we found at the splice donor site of intron 12 of
Atrn was expected to result in unstable transcripts, and the
deletion was considered to be the causative mutation for the
abnormalities observed in the zitter rat. Transgenic study dem-
onstrated that only the membrane-type transgene can rescue the
neurological abnormalities and coat color of the zitter rat. We
also demonstrated that the mg® /mg* mice, which carried a 5-bp
deletion in the coding sequence of Afrn, showed body tremor and
histopathological abnormalities similar to those of the zitter rat.
These results conclude that the membrane-type Atrn locus
product, but not the secreted type, is responsible for the zitter
mutant phenotypes observed in this study, including hypomyeli-
nation and vacuolation in the CNS and hair pigmentation.
Functions of the Afrn locus products have been investigated
from immunological studies in human and analysis of the mouse
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Fig.5. Neurological abnormalities of C3H/HeJ-mg*/mg? mice. (a) An Epok
812 semithin section of the mesencephalictegmentum. Vacuoles were formed
in neuropil. They appeared to be empty, and some of them were surrounded
by myelin (arrow) (toluidine blue staining, %X600). (b) An electron micrograph
of the thalamus. Aberrant myelin sheaths, such as scroll-like structures (white
arrows), were evident among the myelinated axons (x4,500). (c) EMGs of
C3H/HelJ-mg¥/mg? mice. The horizontal bar over the EMGs indicates a
tremor pattern: nearly reciprocal activation of the quadriceps and hamstring
muscles at a fairly constant rate. Background irregularities presumably exhibit
motor units that fired near their threshold.
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coat color mutant mahogany (mg). The secreted-type ATRN
locus product Attractin (ATRN) is a glycosylated serum protein
and is known as a mediator of monocyte spreading and T cell
clustering (14). Recently, the presence of membrane-type ATRN
has been demonstrated in humans (15). In mice, only membrane-
type ATRN has been observed so far, and its loss-of-function
mutations are known to be the cause of mg mutants. The mg
mutant mice display darkened coat color that is agouti-
dependent and increased basal metabolic rate that is agouti-
independent (16-18). Both the secreted-type and membrane-
type ATRN contain two epidermal growth factor domains, a
CUB domain, a C-type lectin domain, and two laminin-like
epidermal growth factor domains (14, 17, 19). The membrane-
type ATRN is thought to have these functional domains in its
extracellular portion.

This study demonstrated that ATRN has a novel function in
myelination, in addition to those functions in the immune
response, hair pigmentation, and energy metabolism. Overlap of
the CNS regions showing high Afrn expression with those
showing severe hypomyelination and vacuolation also supports
our conclusion (20). The myelination requires the coordinated
synthesizing of various structural proteins and enzymes, the
initial axon—glia interaction, the assembly process of the myelin
sheath, and the long-term interaction of axons with myelinating
glia (21). Extracellular functional domains in the membrane-type
ATRN indicate that it is involved in cell adhesion and receptor—
ligand interactions (22-24). These strongly suggest that mem-
brane-type ATRN is anchored on the surface of neurons or glial
cells and mediates the myelination signal through its extracel-
lular domains.
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Although the role of the membrane-type ATRN in energy
metabolism has been known in mice (16), it would be difficult to
evaluate its roles in rats, because basal metabolic rate cannot be
measured precisely because of the presence of conspicuous
tremor in zitter rats. Conversely, mg®” /mg’ mice exhibited slight
tremor and hypomyelination and vacuolation in their CNS.
Because even minimal increases in muscle tone significantly
increase basal metabolic rate, an increase of basal metabolic rate
in the mg mutant mice could be partially due to the neurological
abnormalities. Although it is proposed that inhibitors of the
membrane-type ATRN would be attractive candidates for drugs
to prevent or reverse the most common forms of human obesity
(25-27), the critical role of ATRN in myelination disclosed in
this study raises great concern about this idea.

As for positional cloning in this study, the comparative
mapping and end sequencing complemented each other and
efficiently identified the transcription units in the zi-critical
region. The potential of the comparative mapping approach will
be appreciably expanded when the entire sequence of the human
genome is determined (9). Therefore, we expect that the ap-
proach described here would be a prototype for identifying
transcripts in the rat contig.
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